The in-plane effective diffusion coefficients in gas diffusion layers typically used in fuel cell electrodes were measured as a function of compression and hydrophobic polymer loading. This method was based on the transient diffusion of oxygen from air into an initially nitrogen purged porous sample and has proven to be accurate, fast, and straightforward. As anticipated, with higher compressions and higher PTFE loadings, effective diffusivity decreased, as a result of less pore space available for transport and because tortuosity increased. When plotted against compressed porosity, the effective diffusivity of untreated and treated materials for a given type of sample collapsed on top of each other, despite the simultaneous impact of PTFE loading and compression. It was possible to distinguish between the impact of PTFE and compression by plotting the data as tortuosity against compressed thickness. High compressions on the sample lead to irreversible damages to the fiber structure, resulting in decreased or unexpectedly low tortuosity. Finally, a percolation model was fitted through one of the tested materials and a reasonable agreement was observed for lower compression, but a fit to the entire data could not be achieved. This was attributed to fundamental structural changes occurring in the sample upon high compressions, an observation that helps to explain the general inability of theoretical tortuosity models to describe GDLs.
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Introduction
Polymer electrolyte membrane fuel cells (PEMFCs) are the leading candidate to substitute conventional internal combustion engines in the near future, as they are only available power source that offers equivalent range and power density. A typical PEMFC converts stored hydrogen and oxygen from air to electricity, while producing only waste heat and pure water. A detailed description of PEMFC operation can be found in review articles (Mehta and Cooper 2003; Wang et al. 2011 ) and textbooks (Barbir 2013; Vielstich et al. 2003) . The main components of a PEMFC consist of two bipolar plates (BPs), two gas diffusion layers (GDLs), and the central polymer electrolyte membrane, with catalyst layers (CLs) applied to both sides. The total thickness of a single cell is <1 mm, which is essential in order to keep the transport lengths within the device as short as possible. Though PEMFCs can be 2-3 times more efficient than combustion engines, several challenges must still be overcome before commercialization of PEMFCs for mobile applications, e.g., in the automotive industry, can be possible. Along with the development of a more cost-effective and efficient catalyst material for the electrochemical reaction, another major difficulty lies in the effective management of reactants and products inside the cell. Particularly at high current densities, mass transport becomes rate limiting, leading to concentration polarization and a decrease in cell voltage. This necessitates larger stacks to accommodate peak power requirements. Improving mass transfer therefore represents an opportunity to reduce overall system costs by facilitating smaller stacks. Understanding the transport characteristics of the GDL is vital, as it supports most transport processes inside the fuel cell, such as reactant and product mass transfer, heat transfer, and electron conduction, and thus plays a major role during fuel cell operation. GDLs are designed to be quite thin (∼150−300 µm) to minimize the transport lengths of reactive species through the plane of the material, but in-plane transport is also essential to providing reactant access to area under the flow field ribs. They are universally made from carbon fiber which are chemically inert yet conduct electrons, and they typically exhibit high porosities ranging from 70 to 90 % (Rashapov et al. 2015b ) which is possible due to the fibrous structure. The morphology of several conventional GDLs can be seen in Fig. 1 . Further structural details of these materials can be found throughout the literature (Çeçen et al. 2012; Mathias et al. 2010; Ostadi et al. 2010; Schulz et al. 2014) . Due to the production of water vapor and partial condensation during fuel cell operation, GDLs are treated with a hydrophobic polymer such as PTFE to prevent water from wicking throughout the pore space. The addition of PTFE is necessary to limit the deleterious effect of water but also causes mass transfer restrictions by partially filling the pore space. GDLs are also the only compliant item in the cell, so they are mechanically compressed during stack assembly, upon swelling of the ionomer with water uptake, or during water freeze-thaw cycles. Mass transport through the GDL is more complex than simply assuming diffusion through an idealized stack of fibers. For instance, many of the established correlations for predicting diffusivity from basic structural information, such as the widely used Bruggeman equation (Bruggeman 1935) , or the fibrous material-specific studies of Tomadakis and Sotirchos (1993a, b) , both substantially overpredict effective diffusivity in GDLs. Experimental determination of the effective diffusivity is therefore necessary. Furthermore, due to their fibrous mat structure, the transport in the direction of fiber alignment, known as the in-plane (IP) direction, is higher than in the through-plane (TP) direction; thus, measurements must be taken in both the IP and TP directly to determine anisotropy and to fully characterize these materials Gostick et al. 2006; Sadeghi et al. 2011; Todd et al. 2015) .
Most experimental studies focus on the effective diffusion of gasses in various GDLs in the TP direction. This is sensible, since the reactant and product diffusion in a fuel cell is directed from the flow channels in the bipolar plates toward the CLs and vice versa, thus occurring in the TP direction. Astrath et al. (2010) and Zamel et al. (2010) adapted a Loschmidt method (Holman 2001) to study the TP diffusion behavior of oxygen gas in nitrogen gas through TGP-H-120 Toray paper. Quick et al. (2009) and LaManna and Kandlikar (2011) created a humidity gradient in the porous sample and determined the water vapor TP permeability and effective diffusivity of various GDLs. Secanell et al. have done extensive work using a diffusion bridge setup, which involves flowing gases of different concentrations past each face of the sample and monitoring the movement of a tracer species (Carrigy et al. 2013; Mangal et al. 2015) . Baker et al. (2009) applied a limiting current technique in a specialized single-channel cell to measure the effective TP diffusivity of oxygen gas and water vapor through SGL and Toray materials. Utaka et al. (2009 Utaka et al. ( , 2010 ) developed a galvanic cell-type oxygen sensor to measure the effective TP diffusivity of oxygen through a paper-type GDL. In order to determine the effective TP diffusivity of unsaturated and partially saturated GDLs, Hwang and Weber (2012) developed an electrochemical limiting current technique in a fuel cell-type assembly, but using a hydrogen pump reaction.
Though less directly relevant to fuel cell power production, IP diffusion is nonetheless essential to fuel cell operation, as reactants must also be dispersed to regions of the CL located under the ribs of the bipolar plate to fully utilize the catalyst sites. Kramer et al. (2008) have developed an experimental technique which allows for the determination of effective diffusivities in the IP direction. They refer to their method as electrochemical diffusimetry, which exploits the relationship between Ohm's and Fick's law. In their method, a GDL is saturated with an electrolyte, and through electrochemical impendence spectroscopy, the effective ionic conductivity and therefore the effective diffusivity are experimentally determined. Secanell et al. have also applied their diffusion bridge setup to IP measurements (Mangal et al. 2014) of some GDLs. Both of these methods require quite elaborate experimental setups and complex analysis to extract the diffusion coefficient. In a recent study, we have described a novel experimental technique for the direct measurement of effective IP diffusivity of individual GDLs whose principle feature is simplicity (Rashapov et al. 2015a ). The method was based on measuring the time-dependent oxygen concentration at a fixed position inside the sample and fitting for the diffusion coefficient. Compared to the electrochemical diffusimetry and diffusion bridge techniques mentioned above, this method was fast and technically much more straightforward to apply. In the present study, this experimental technique was applied to measure the IP effective diffusivity of a wide variety of untreated and PTFE-treated SGL, Toray, and Freudenberg materials, including the impact of PTFE loading and compressed thickness. The speed and simplicity of the present method enabled the study of a wide variety of materials under a large range of conditions with relative ease, creating a comprehensive dataset that has not previously been available. This dataset was analyzed in the present work to make several useful generalizations about the diffusivity in thin fibrous media that provide critical data to the fuel cell community and hopefully be of wider use as well.
Experimental

Method
The experimental method used in this study for measuring the effective diffusion coefficient in the IP direction of various GDLs was developed and validated in a previous study (Rashapov et al. 2015a ). The technique has been proven to be simple, fast, and accurate and allows the investigation of compression on effective diffusivity of individual GDL samples over a wide range of compressions. Firstly, the GDL sample was cut from a larger sheet into 7.62 cm × 0.85 cm and its thickness was measured using a micrometer before it was placed centrally between two 1 thick stainless steel plates as illustrated in the experimental setup shown in Fig. 2 . The compression of the sample was controlled by stainless steel shims of known thickness (±1 µm) placed between the two sample holder plates. Upon tightening and sealing the apparatus, only the ends of the samples were exposed to atmospheric conditions. Subsequently, the porous sample was flushed with nitrogen gas for approximately one minute to set a zero oxygen initial condition throughout the porous sample. Once flushing was stopped, atmospheric oxygen immediately started to diffuse through both ends until the concentration gradient inside the GDL dissipated. An oxygen sensor (OceanOptics FOXY-NeoFox ® ) placed at a fixed position inside the sample recorded the increase in oxygen concentration as a function of time. Once the measurement was completed, the spacer shims were replaced by thinner ones and the apparatus was sealed again, thereby increasing the compression of the sample. Depending on the uncompressed sample thickness and its PTFE loading, up to nine different compressions were applied to the materials. The present results Fig. 2 Schematic of the experimental setup to measure the effective diffusivities of GDLs. The sample is sandwiched between two rigid steel plates and sealed around the edges by a pliable sealing putty. The plates are bolted together to the spacing dictated by the spacer shims to affect the desired compression were highly repeatable on a given piece of material (i.e., immediately repeating the test as outlined but without adjusting the shims gave nearly identical results); however, performing a wider study on sample-to-sample or sheet-to-sheet variability was outside the present scope.
Measurement of effective diffusivity, D eff , in porous materials aims at providing diffusion coefficients using in Fick's law that accounts for not only the relative molecular mobility (D b ), but also the impact of solid-phase obstacles. Values of D eff through a porous material are always lower than through open space, since the solid obstacles both reduce the effective area for flux and also increase the average length of the diffusion pathways. Effective diffusivity is typically defined as:
where ε is the porosity of the media (ε < 1) and τ is the tortuosity (τ > 1), accounting for the increased path lengths of diffusion molecules around solid obstacles relative to the length of the domain (Clennell 1997; Epstein 1989; Ghanbarian et al. 2013; Shen and Chen 2007) . Assuming the porosity is known through independent means (Rashapov et al. 2015b) , τ is essentially a fitting parameter to reconcile differences between D b and measured values of D eff . In order to determine the effective diffusion coefficient, Fick's second law was solved analytically for one dimension (Crank 1979) :
where C (t) is the measured concentration at position z, C 0 and C 1 are the initial (0 %) and final (20.9 %) oxygen concentration, respectively, l is the domain length, and D is the diffusion coefficient. z = 0 corresponds to the no-flux boundary in the middle of the sample since oxygen diffusion occurs into both open ends, which further means that the entire sample length is 2l since the midpoint at z = 0 corresponds to a symmetry condition. The effective diffusion coefficient is determined for each compression from fitting Eq. (2) to the experimentally measured diffusion curves by adjusting D. The measured effective diffusivity is normalized by relating it to the known bulk diffusivity, D b , of oxygen in nitrogen with no porous sample present. A complete data analysis and validation can be found in a previous article (Rashapov et al. 2015a ).
Thickness and Porosity
Prior to the diffusion measurements, the sample-specific average thickness δ 0 of each GDL was determined across ten different locations using a Mitutoyo micrometer (readability 1 µm), which was determined to exert approximately 2 kPa of force on the sample. Buoyancy measurements in silicone oil, as reported previously (Rashapov et al. 2015b) , were taken in order to obtain the uncompressed porosity, ε 0 . The bulk volume can be determined by measuring the diameter of the circular sample, d, and the uncompressed thickness, δ 0 . The results obtained for thickness, areal weight, bulk density, skeletal density, and porosity of various SGL, Toray, and Freudenberg GDLs were reported previously (Rashapov et al. 2015b ).
As compression on the porous sample increases, its porosity drops, since fibers are forced closer to each other and thus, a smaller fraction of void space is available for diffusive mass transport. The compressed porosity, ε, can be estimated from:
where ε 0 represents the uncompressed porosity, and δ 0 and δ the uncompressed and compressed thickness of the sample, respectively. Table 1 summarizes the materials and their specifications used for effective diffusivity determination in this study and includes untreated and PTFE-treated GDLs manufactured by SGL, Toray, and Freudenberg. SEM images of these materials prior to the addition of PTFE are shown in Fig. 1 . The non-fibrous materials that can be seen in the Toray and SGL materials are referred to as binder. Binder is a polymeric additive used to hold these fibrous mats together prior to carbonization, so the binder is also carbonaceous. The Freudenberg material is hydro-entangled so needs no binder (Mathias et al. 2010 ). The samples shown in Fig. 1 were also tested at various PTFE loadings, which are added to the material after carbonization and tend to look similar to the binder in SEM images. The PTFE content of the tested GDLs ranged from 0 to 60 wt% for Toray, 0 to 30 wt% for SGL, and 0 to 40 wt% for Freudenberg materials. Only untreated and 5 wt% PTFE-treated SGL 25 and SGL 35 GDLs were available in this study. However, it has been shown that reported PTFE loadings do not always comply with the actual amount of PTFE found in GDLs (Rashapov et al. 2015b) . Table 1 includes the corrected PTFE content obtained by weighing the treated sample and assuming any differences in bulk density relative to an untreated sample were due to the added mass of PTFE. This procedure and its justification have been discussed extensively elsewhere (Rashapov et al. 2015b ).
Materials
Results and Discussion
The three materials measured in this study differ in subtle ways that provide an interesting basis for comparison. The Toray materials and SGL materials both consist of linear fibers stacked into a highly anisotropic mat, while the Freudenberg materials contain curved, entangled fibers that are expected to be somewhat more isotropic. Furthermore, as can be seen from SEM images shown in Fig. 1 , the SGL materials are filled with a porous binder as a result of the manufacturing process, while the binder in the Toray materials is relatively smooth and non-porous. The SGL samples have a much higher uncompressed porosity compared to Toray, 85-88 % compared to 75 % for untreated materials. It is possible that the Toray and SGL materials have different numbers of fibers per unit volume which accounts for some of this difference. Inspection of Fig. 1 , however, suggests the materials appear quite similar in this regard, which suggests that the binder in the SGL materials is quite porous and contributes to the observed elevated porosity. Additionally, Fig. 1 shows that Freudenberg H2315 samples are completely binder-free. Since the SGL 24/34, SGL 25/35, and the Toray materials differ only in thickness, while all other specifications such as porosity, skeletal density, morphology, and binder material are almost identical, only one representative sample from each class of materials was included in the following discussion: SGL 24, SGL 25, TGP-H-120, and H2315. Experimental data for all GDLs listed in Table 1 are included in "Appendix" in Fig. 10 through Fig. 12 .
Thickness of the uncompressed material was not investigated as a parameter since in principle diffusivity is independent of domain size [i.e., thickness is not required in Eq. (2)]. There are some reports that materials of different thickness have slightly different internal structures, seen as through-plane porosity profiles (Fishman et al. 2010) , but the impact of this was apparently too subtle to be observed in the present data. Figure 3 illustrates the measured normalized effective diffusivity of SGL 24, SGL 25, TGP-H-120, and H2315 as a function of compressed porosity. As anticipated, increasing compression results in a decrease in effective diffusivity, due to the reduction in porosity, and possibly also due to increased diffusion pathway lengths. The most immediately clear observation is that the diffusivity trends of untreated and treated materials of the same type essentially collapse on top of each other. Both PTFE addition and compression reduce the baseline porosity of GDLs and therefore effectively reduce pore space available for transport (Ramos-Alvarado et al. 2012; Rashapov et al. 2015a; Santamaria et al. 2014) . The results in Fig. 3 show that these two variables have essentially the same effect on the overall effective diffusivity in the materials, although the relative contributions of these two factors are evaluated in more detail later on. Despite having lower uncompressed porosity, the TGP-H-120 samples exhibit higher effective diffusivities than SGL 24 at the same compressed porosity. This result contradicts the general premise that higher porosity materials should exhibit higher diffusivity. Given that these two materials have similar fibrous structures, the differences are likely due to the binder. This suggests that the pores in the binder of the SGL samples do not contribute significantly to the overall effective diffusion, meaning they are not well connected, or they are highly constricted. This has important repercussions for transport modeling, since it indicates that the total measured porosity of SGL materials does not represent the amount of useful pore space that actually contributes to transport. Any correlations that rely on values of the porosity, such as the Carman-Kozeny or Bruggeman correlations, would therefore result in overpredictions using SGL's bulk porosity. It is difficult to determine precisely how much of the pore space in the SGL materials resides in the binder (without tomography or porosimetry techniques) and is even more difficult to assess the diffusivity in the binder. The SGL 25 series materials have an even higher uncompressed porosity (>88 %) compared to Toray, which can be visually observed with SEM (Rashapov et al. 2015b ). The differences in binder are apparently quite important, since the SGL 25 materials have a much better diffusivity, matching the TGP-H-120 samples at a compressed porosity of 60 %. It should be pointed out that this difference can be attributed to other factors as well such as different numbers of fibers per unit volume or damage occurring to one sample but not the other due to different levels of compression required to achieve equal porosity of 60 %. Figure 1 shows a SEM image of untreated Freudenberg H2315 at two magnifications. Both micrographs illustrate a substantial difference in fiber structure and morphology compared to linear fibers seen in SGL and Toray carbon papers. The entangled nature of the fibers in this material allows for a higher packing density, and consequently, the H2315 samples exhibit lower uncompressed porosities compared to Toray and SGL samples. Figure 3 shows that the effective diffusivities of H2315 are substantially higher than for the linear fiber materials. Not only is this result unexpected on the basis of the lower porosity of the H2315 materials, but the entangled fibers would presumably be somewhat more isotropic than the linear fibers, suggesting that the IP diffusivity is expected to be even lower than the other materials (i.e., it should behave more like through-plane diffusion). These results must somehow be due to the differences in fiber structure between Freudenberg and SGL or Toray materials.
Effective Diffusivity
Tortuosity
As shown in Fig. 3 , measured effective diffusivities for a given sample as a function of compression are almost coincident, regardless of how much PTFE was added. This suggests that porosity reduction by compression has the same overall impact on effective diffusivity as porosity reduction due the addition of extra PTFE. The results in Fig. 3 are somewhat convoluted however, since porosity is a factor on both axes, as normalized effective diffusivity is equal to ε/τ according to Eq. (1). This is further confounded by the fact that τ is generally found to be a function of ε, as stated in the Bruggeman relationship (Bruggeman 1935) . Rearrangement of Eq. (1) allows the determination of τ as a function of ε from measured diffusivity values as shown in Fig. 4 . When plotted in this form, it becomes immediately apparent that samples with different PTFE loadings do indeed exhibit different behavior upon compression, as samples with higher PTFE loadings show a much steeper increase in τ and the curves begin to separate according to their respective PTFE contents. Evidently, the addition of PTFE has a significant impact on effective gas diffusion and makes the porous medium more tortuous. This trend is not clearly visible in Fig. 3 , since according to Eq. (1), low values of ε are divided by large values of τ , obscuring the relative contributions of the two factors.
By definition, the tortuosity at 100 % porosity is equal to 1, as the diffusion path is not hindered by any solid material, and tortuosity increases with the decrease in void space fraction. Therefore, with higher compressions, tortuosity of a porous sample is expected to increase steadily and, at sufficiently high compressions, should rise infinitely as porosity is reduced below some percolation threshold, meaning that although void space may be present, it is not connected and does not contribute to mass transport. Signs of this behavior can be seen in Fig. 4 , specifically for the Toray 120 samples (as well as the other Toray materials given in the "Appendix"). The other materials in Fig. 4 do not show this behavior at the limited compressions applied, but compressing samples to lower porosities was not feasible with the present apparatus. Moreover, such deep compression would most certainly result in structural damage that would alter the observed percolation behavior anyway. This issue is considered further in Sect. 3.4.
Thickness Ratio
Plotting tortuosity as a function of compressed porosity as shown in Fig. 4 revealed that samples with higher PTFE loadings clearly exhibited substantially increased diffusion path length or tortuosity under compression. The porosity values on the x-axis of Figs. 3 and 4 represent the combined impact of PTFE addition and compression. To fully differentiate these two factors, it is useful to plot tortuosity as a function of sample thickness ratio, δ 0 /δ, as shown in Fig. 5 . The justification for this normalization scheme is illustrated schematically in Fig. 6 , which considers two samples of the same type: one untreated and one treated with PTFE. Being the same base type means both GDLs should have the same initial thickness; thus, differences in the tortuosity of these two samples in an uncompressed state can be entirely attributed to the presence of PTFE (case A vs. C). Similarly, when these two samples are compressed the same fixed amount, they will both display an increase in tortuosity, but the difference between the samples will still be due to the presence of PTFE (case B vs. D). When plotted against porosity, these changes in tortuosity are obscured by horizontal shifts due to their different initial starting porosity, but when plotted against thickness ratio, the impact of PTFE manifests itself as a parametric effect resulting in a distinct data series for each sample. Plotting the data in this way provides a powerful means of simultaneously evaluating the separate impacts of PTFE and compression. Figure 5 shows the calculated tortuosity of SGL 24, SGL 25, TGP-H-120, and H2315 as a function of thickness ratio. The effect of PTFE on the tortuosity is clearly apparent, and an increase in PTFE content directly results in an increase in GDL tortuosity. Though only slight differences in tortuosity are observed between GDLs treated with 0 and 5 wt% PTFE, this trend becomes more distinct at higher PTFE loadings. For almost all materials, tortuosity increases approximately linearly at low thickness ratios. For higher PTFE loadings, tortuosity rises more rapidly, particularly at higher compressions, as seen with TGP-H-120 treated with 60 wt% PTFE. This suggests that when PTFE is present, the pore space collapses more quickly upon compression.
Freudenberg H2315 behaves differently with increasing compressions. It has already been observed that H2315 exhibits surprisingly high effective diffusivity values, given its entangled and more isotropic fiber arrangement. According to Fig. 5 , it seems that the tortuosity of these materials is very low and is not impacted significantly by compression. This can be rationalized by considering that the entangled fibers probably behave much differently upon compression than linearly stacked fibers. In the latter case, compression would directly reduce the size of openings between the fibers, while in the case of entangled fibers, their displacement will be in random directions. The impact of PTFE addition on tortuosity is more in line with the other materials. For instance, both TGP-H-120 and Freudenberg H2315 treated with 20 wt% PTFE have tortuosity values around 4 at a thickness ratio of approximately 2.
Another advantage of plotting the tortuosity against thickness ratio is that comparisons can be made between different materials at the same PTFE loading, regardless of their uncompressed porosity. This is useful for engineering decisions since the GDL compressed thickness is specified during cell assembly; therefore, it is more valuable to compare tortuosity as a function of thickness, rather than porosity. Figure 7 (left) shows the tortuosity for all tested samples with no PTFE added. All GDL samples behave fairly similarly, with tortuosity varying from 1.5 to 4 of the whole range of compressions. One notable feature is that the SGL 25/35 series materials exhibit considerably lower tortuosities than the SGL 24/34 materials. Apparently, the newer generation of GDLs has improved mass transport characteristics, Fig. 7 Measured tortuosity versus thickness ratio of untreated (left) and 20 wt% PTFE-treated (right) GDL materials possibly due to less binder, or the pores in the binder contributing to mass transport. Some odd behavior is seen in the Toray samples, where the TGP-H-060 and TGP-H-120 samples agree quite well, while TGP-H-090 sample displays lower tortuosity. TGP-H-090 samples were obtained at later date than the other samples, resulting in differences in batches or lot numbers. When comparing samples at 20 wt% PTFE in Fig. 7 (right) , they again all behave similarly ranging between 2 and 8 as the thickness ratio varies from 1 to 3. The exception is the Freudenberg H2315 GDL, which demonstrates lower tortuosity. Perhaps this is due to the way PTFE distributes within the entangled fiber structure compared to the linear fiber materials. Figure 7 does not include the SGL 25/35 series that compared so favorably at 0 wt% PTFE, since these materials were not available with 20 wt% PTFE.
Comparison with Percolation Theory
An attempt was made to fit the present data to an analytical model describing tortuosity as a function of porosity. Detailed reviews of tortuosity models can be found in the literature (Shen and Chen 2007; Shou et al. 2013) . Bruggeman (1935) derived a simple power law expression for estimating the effective conductivity and dielectric constant of a medium composed of only spheres: τ = ε −0.5 . Due to the analogy between electric conduction and diffusion, this model also applies for describing diffusive mass transport. This equation is widely used in the fuel cell modeling literature and elsewhere, presumably due to its simplicity, though this expression does not predict accurate values for fibrous GDLs ). More specifically for fibrous media, Tomadakis and Sotirchos (1993a) performed random walk simulations within domains filled with generated cylinders representing fibers and estimated percolation properties as a function of fiber arrangement and packing density or porosity. Although based on fibers, their work still underestimates tortuosity, most likely because they did not account for binder or other filler materials in their idealized fiber structures. Moreover, the influence of porosity reduction was investigated by adding more fibers to the domain, a process which is not necessarily equivalent to compression. Das et al. (2010) reviewed and evaluated diffusivity models with the aim of describing diffusivity in fuel cell electrode materials, including GDLs. They adapted a percolation-type model developed by Hashin and Shtrikman (1962) and derived a formulation for the estimation of effective transport properties in both TP and IP directions, which is algebraically equivalent to the classic model by Neale and Nader (1973) and actually predicts lower tortuosity than the Bruggeman (1935) correlation. Shou et al. (2013) performed numerical simulations on randomly aligned fibers and evaluated a number of fiber-specific models for describing effective diffusivity in TP as well as in IP direction, but similar to Tomadakis and Sotirchos (1993a) , their results were based on idealized structures and underpredict tortuosity. In general, all theoretical models are based on simplified geometries such as randomly aligned spheres or cylindrical and therefore cannot capture the complex fibrous structure of a real GDL, including non-idealities such as binder, PTFE, and damage in its morphology. The lack of a suitable functional form that can describe the behavior of GDLs over the entire range of porosity is highlighted by the work of Zamel et al. (2010) , who resorted to a purely empirical correlation in order to describe the full range experimental GDL data.
The present data provide an excellent opportunity to further investigate correlations to describe tortuosity in GDLs, at least in the IP direction. The most basic functional form available is the following general percolation equation:
where ε p represents the percolation threshold and α is a fitting parameter. Tomadakis and Sotirchos (1993a) used this form to describe their theoretical results and reported ε p as 0.11 and α as 0.785 for random 2D fibers, with slight differences for different fiber alignments. In this study, an attempt was made to determine a value or values of α that could describe the entire dataset for the TGP-H-120 material, which was chosen since its linear fibers and nonporous binder most closely represent the ideal materials used in modeling studies. Moreover, this material showed the most convincing percolation behavior as seen in Fig. 3 . The value of 0.11 for ε p proposed by Tomadakis and Sotirchos (1993a) was adopted here, since a percolation threshold could not be determined from the data in Figs. 3 or 4. The use of p = 0.11 is at least reasonable in that it lies below the lowest measured porosity for all samples. Attempting to fit p for each dataset was avoided given the limited amount of data in the lower porosity regions and the highly nonlinear nature of percolation behavior; therefore, Eq. (4) required fitting only α as a single parameter.
Figure 8 (left) shows an attempt to fit a line through all points for each PTFE loading using a single value of α, plotted as tortuosity versus thickness ratio. It was not possible to fit the entire range of compressions. In general, an excellent fit was obtained at low compressions; however, as compressions increased, the experimental data always tended to fall below the model curves. This tendency agrees with the explanation of brittle carbon fibers and binder material being crushed and broken at high thickness ratios. Physical damage and destruction of the solid phase ultimately alters the physical structure; hence, a single value of α should not be expected. It seems that the inability of existing theoretical models to fit the experimental data is not due to a problem with the models, but at least partially to fundamental changes in the morphology of the material as it is compressed and damaged.
The idea of fiber breakage and morphological changes altering tortuosity can be explored further by fitting Eq. (4) to each point individually, which results in the distribution of α values shown in Fig. 8 (right) . For the samples with low PTFE loadings (0-20 wt%), α values rise slightly from the first to second compression points and then plateau until a compressed porosity of 40 % is reached. After this porosity, α values begin to fall off slightly. The initial rise in α was possibly due to the surfaces of the sample becoming more tightly sealed against the wall of the holder as compression increased. The plateau in the α values indicates that the sample morphology remained constant between points. The drop in α below compressed porosity of about 40 % indicates that the structure was changing and it was indeed becoming less tortuous, probably due to cracks and breakage. The samples with higher PTFE loading (>20 wt%) display the same trend but show less notable plateaus in α. The plateau values of α observed in Fig. 8 (right) correspond to the values required to obtain the best full curve fits shown in Fig. 8 (left) .
The overall picture of tortuosity as a function of compression then appears to be that samples generally maintain their structural integrity at low-to mid-range levels of compression, as indicated by relatively constant α values, but begin to deform fundamentally below compressed porosities of 40 %. Plateau values of α (above 40 % porosity) are approximately 1.0 (0.9-1.1) for low PTFE loading samples and increase to 1.3-1.4 for higher PTFE samples. The fact that these values of α are somewhat higher than the α values of 0.6-0.8 reported for simulations on idealized fiber structures (Tomadakis and Sotirchos 1993a) is to be expected, given the additional material (i.e., binder and PTFE) found in the pore space of real materials. Thus, it can be recommended that for reasonable compressions (less than a thickness ratio of 2), similar to those experienced in assembled fuel cells, Eq. (4) correlates tortuosity with porosity in an acceptable manner using the α values obtained at low compression.
It is noteworthy that the plateau values of α shown in Fig. 8 (right) are all quite similar (0.9-1.3) for the various different PTFE loadings. An attempt was made to determine whether a single α value lying in this range could reasonably predict τ values at a specified PTFE loadings and thickness ratios knowing only the properties of the virgin material (untreated and uncompressed). Lim and Wang (2004) presented the following relationship for determining the porosity of a PTFE-treated sample:
where ρ GDL,0 is the bulk density of an untreated GDL, ρ PTFE is the density of PTFE, w is the mass fraction of PTFE in the sample, and ε o is the porosity of the untreated material. The applicability of Eq. (5) has recently been scrutinized (Rashapov et al. 2015b ) and found to hold so long as w is accurately known. The value of porosity given by this equation can then be combined with Eq. (3) in order to determine the compressed porosity at a specified thickness ratio. Finally, the compressed porosity can be used in Eq. (4) to obtain a tortuosity value. Figure 9 shows the comparison of the results of this calculation using α = 1.1 with the experimental data for TGP-H-120 at thickness ratios below 2.5. The fit of the lines to the data points is not as tight as in Fig. 8 (left) , where unique values of α were used for each curve. Nonetheless, the model and the experimental data appear to be in fair agreement, especially considering that this figure is zoomed into a smaller range of thickness ratios. Tortuosity is overpredicted for low PTFE loadings and underpredicted for high loadings, since the chosen value of α corresponded to an intermediate PTFE loading (10 %). The average difference between the model and data is 12 %, with maximum deviation of 37 % for the highest compression point of the highest PTFE loading sample. If the three worst fitting points are removed (belonging to the higher PTFE samples and at the highest thickness ratios), then the average deviation drops to 7 % with a maximum of 15 %. It seems that this simple model for estimating tortuosity of any material from easily known properties of the base material is quite acceptable and could prove useful for any general modeling calculations where reasonable engineering estimates are required. Similar agreement was found with TGP-H-060 and TGP-H-090 up to 20 wt% PTFE loading using α = 1.0 and for Freudenberg H2315 with α = 0.8. The SGL materials did not show a plateau in α values, so the described approach cannot be applied.
Conclusions
The in-plane effective diffusion coefficients of untreated and PTFE-treated Toray, SGL, and Freudenberg gas diffusion layers used in PEMFCs were experimentally measured as a function of compression using a previously developed technique. Effective diffusivities were observed to decrease with higher compressions. For each type of material, the measured effective diffusivity values as a function of compressed porosity collapsed on top of each other regardless of PTFE loading. Effective diffusivities of Freudenberg H2315 were measured higher than that of Toray and SGL materials, with SGL GDLs being the least diffusive. The presence of carbonaceous binder observed in some GDLs proved to significantly impact the effective diffusivity. While SEM images displayed the porous nature of the binder used in SGL materials, Toray GDLs contained a much less porous and smoother binder. Freudenberg H2315 material appeared to have no visible binder. The porous binder in SGL materials was postulated to contribute to the overall porosity but not to mass transport characteristics.
In order to differentiate the effects of PTFE loading and compression on tortuosity, tortuosity was plotted as a function of compressed thickness. By comparing samples at equal compressions, rather than equal porosity, it was possible to clearly show the impact of PTFE in isolation since carbon volume fraction was constant between data points. This analysis revealed the effect of PTFE increases tortuosity as well as decreases porosity. Though this tendency was slight at lower PTFE loadings, the trend became quite strong for higher PTFE loading and as the material is compressed.
As a result of compression, the porous samples became more tortuous; however, at low compressed porosity, tortuosities did not approach infinity, and therefore a clear percolation threshold was not observed. This was attributed to damage of the fiber structure and introduction of cracks at increased compressions, thus effectively increasing the available transport paths for diffusion.
The determined tortuosities of treated and untreated TGP-H-120 samples were fitted with a single-parameter percolation model with a porosity of 0.11 defined as percolation threshold. The agreement between experimental data and the model was quite good at low and moderate compressions; however, increasingly large discrepancies were seen for higher compressions, as experimental data tended to fall below the predicted tortuosity. This behavior was attributed to damage to the fibrous structure caused by high compressions, leading to a cracked solid structure and the creation of additional diffusive pathways. The range of α values required to fit each sample was not too large, so an attempt was made to model all TGP-H-120 samples simultaneously with a single value of α. It was found that for low to moderate compressions and PTFE loadings, similar to those found in operating cells, a reasonable estimate for tortuosity was obtained that would be suitable for engineering and modeling calculations. 
